[1] Raman spectroscopy is a powerful tool for mineral characterization and for detection of water and organic and inorganic forms of carbon. The Mars microbeam Raman spectrometer (MMRS) is designed for close-up analysis of rocks and soils in planetary surface exploration. The MMRS consists of a probe (in a flight unit to be deployed by a robotic arm) and a spectrograph, laser source, and electronics (in a flight unit to reside on a rover or lander). The Raman probe has a scanning optical bench that enables a 1-cm linear traverse across a target rock or soil, both on target materials as encountered and on fresh surfaces of rocks exposed by abrasion or coring. From these spectra, one can identify major, minor, and trace minerals, obtain their approximate relative proportions, and determine chemical features (e.g., Mg/Fe ratio) and rock textural features (e.g., mineral clusters, amygdular fill, and veins). One can also detect and identify organic species, graphitic carbon, and water-bearing phases. Extensive performance tests have been done on a brassboard model of the MMRS using a variety of geological materials (minerals, rocks, Martian meteorites, etc.). These tests show that a Raman spectrometer can be built that is suitably miniaturized, sufficiently robust, and low enough in power usage to serve as an on-surface planetary instrument, yet the spectrometer can retain high detection sensitivity and yield near laboratory quality spectra over a broad wavelength range. These features are essential to provide definitive mineralogy in a planetary exploration.
Introduction
[2] Exploration of Mars for the near future will emphasize themes of ''life, water, and environment'' [EPO-NASA, 1995] . Successful pursuit of these themes can benefit from definitive, detailed knowledge of the mineralogy of Martian surface materials and a search for water and organic carbon. ''Definitive'' mineralogy means unambiguous identification of minerals, determination of proportions of different minerals in rocks or soils, and determination of chemical compositions of minerals. From detailed mineralogy, we can discover past Martian environmental conditions. Such conditions may include subaerial alteration of rock surfaces, fluvial and marine alteration and deposition, and hydrothermal alteration and deposition, as well as the planet's early igneous chemical differentiation. By combining information about past environments with information about Martian organic carbon and inorganic reduced carbon, we can speculate rationally on the possible development of life on Mars and better assess the possibility of retention of fossils, particularly microbial ones.
[3] The most definitive studies of mineralogy of Martian materials, including evidence regarding the issue of life, will take place in laboratories on Earth, once sample-return missions take place. Meanwhile, in situ analysis of mineralogy using visible, IR, and Mössbauer spectroscopy is planned for upcoming missions (instruments similar to those described by Squyres et al. [1999] , Christensen et al. [2001] , and Rieder et al. [1997] ). In this paper, we present an alternative method for on-surface determination of mineralogy and to assist in sample selection: microbeam Raman spectroscopy [Wang et al., 1995] . This method is rapid and sensitive. It provides information about chemical bonding and crystal structure, and thus enables direct identification of oxyanionic minerals (SiO 4  4À , CO 3  2À ,  SO 4 2À , PO 4 3À , etc.), oxide and sulfide minerals (FeOOH, Fe 2 O 3 , Fe 3 O 4 , FeS, FeS 2 , TiO 2 , etc.), water and waterbearing minerals (ice, CaSO 4 Á 2H 2 O, micas, clay minerals, clathrates, etc.) and organic and inorganic carbon [Wang et al., 1994] . It can provide information on rock texture, and it can determine cation ratios in many minerals.
[4] Our implementation of Raman spectroscopy includes scanning across the target surface with a microbeam, which enables statistical estimates of relative abundance for major minerals and detection of minor and trace minerals. The purpose of this paper is to present the performance of a Raman microanalytical instrument, the Mars microbeam Raman spectrometer (MMRS), which has been designed as a prototype instrument for a landed Mars mission. The prototype instrument shows that a space flight version of the instrument can be simple, robust, low mass, small volume, conservative of power, and able to work in the harsh environments encountered by flight instruments. The prototype instrument has the sensitivity and spectral range and quality that approach those of a modern laboratory Raman instrument. It can scan unmodified surfaces of rocks and soils as encountered, without sample preparation, as well as examine abraded rock surfaces and cores. Here, we report the characteristics and testing of the current model (''brassboard'') of this miniaturized Raman system to indicate the potential of this technique. The brassboard is based on a less sophisticated ''breadboard'' instrument described previously [Wang et al., 1998a] .
Characteristics and Development of the MMRS
[5] The MMRS has a probe, in the space flight version to be deployed by the robotic arm of a rover or lander; and a spectrograph, a laser, and electronics (including a microprocessor) to be mounted on or in the body of the rover or lander. Electrical cables will extend from the rover to the probe for power and monitoring, and optical fibers will connect the probe and the spectrograph for signal transfer.
[6] The MMRS brassboard, described here, tests these configurations. The brassboard probe dimensions are $5.7 Â 7.0 Â 7.5 cm (Figure 1a) , and the brassboard spectrograph dimensions are $11.5 Â 14.0 Â 5.9 cm ( Figure 1b) ; the flight MMRS probe and spectrograph are expected to be the same size or slightly smaller. A schematic diagram of the system is shown in Figure 2 . For the MMRS brassboard described here, it was premature to produce the electronic boards in miniaturized form, because the nature of the rover or lander accommodations are not yet known, but they can fit within dimensions of 20 Â 15 Â 8 cm, based on our preliminary engineering design. The laser and its power supply have also not been miniaturized, but will have dimensions $3 Â 3 Â 5 cm, based on dimensions of commercial devices. The total mass of the MMRS system is $2.5 kg, of which the mass of the probe is just under 200 g. Operationally, the MMRS probe will be positioned against the target at a time convenient to the deploying host system, and it will collect spectra during the Mars early night. A set of 50-200 Raman spectra will be taken from the target during a 1 -4-hour period. Total energy usage is estimated to be $35 Wh for a set of 100 spectra.
[7] Our Raman system was designed to satisfy two extremes. On the one hand, like any flight instrument, it needs to be simple, robust, low mass, economical of power, and able to work in a harsh environment. It must be stable against the mechanical stresses of launch, landing, rover travel, and arm deployment. The probe must function properly under harsh environmental conditions that include daily temperature cycling over a range of $100°C, nighttime operation at low temperature (as low as À60°C), low atmospheric pressure, and irradiation by cosmic rays. On the other hand, to achieve the goals of mineral characterization, an on-surface Raman system should cover a broad spectral region and have adequate spectral resolution and detection sensitivity. Our system covers the range 200-1800 cm À1 for characterization of minerals and graphitic carbon, and 2500-4000 cm À1 for detection of organic functional groups and water. Our instrument design called for a spectral resolution of $7 cm À1 to give a wave number precision of 2 cm À1 for peak positions; this was nearly achieved, and that resolution is shown to be adequate for our measurements. The probe delivers $10 mW of laser power to the target. To achieve a high tolerance of the relief intrinsic to unprepared, rough sample surfaces (rock or soils) without an autofocus mechanism, the probe has a large depth-ofsampling field. To obtain a line of 100 spectra along a 1.2-cm traverse of the target surface, the probe uses a simple line-scan mechanism. Combining a microbeam with a line-scanning traverse capability increases the probability of finding minor minerals and weak Raman scattering phases because the spectrum obtained at most spots will be of only one or two minerals. The overall result of such a line scan is thus the identification of major minerals, minor minerals, and determination of rock texture, rough mineral proportions, and mineral chemistry [Haskin et al., 1997] . Below, we discuss some properties of the current MMRS brassboard. Then, we describe its performance on several types of targets.
Raman Spectroscopy
[8] In Raman spectroscopy, monochromatic light (l 0 ) from a source is scattered inelastically from the target material, for example, a mineral [Long, 1977] . The spectrometer rejects reflected light from the source and Rayleigh-scattered light of that same wavelength (l 0 ), and it analyzes the longer wavelengths of the Raman-scattered light (Stokes lines, l 0 + Ál). The difference in wavelength between the source light and the scattered light corresponds to transition energies in the material that produced the scattering. This difference in wavelength, Ál, normally given in units of wave number, cm
À1
, is called the ''Raman shift.'' For example, inelastic scattering from the silicate mineral olivine gives Raman-scattered light of several principal wavelengths, and those wavelengths are characteristic of olivine. The transitions that give rise to these main peaks are Si-O vibrational motions, transitions whose energies correspond to those of midinfrared and far-infrared photons. For many minerals, a plethora of minor peaks is also produced. A technological advantage of Raman spectroscopy is that it provides information similar to that obtained by midinfrared and far-infrared spectroscopy, but the spectra can be obtained in the visible spectral region where Raman spectroscopy is efficient. Also, lasers and detection systems in the visible region of the spectrum are well understood and have space flight heritage because most optical and electro-optical components have their best performances there and have a long history of successful fabrication.
Selection of Excitation Wavelength and Lasers
[9] Because the Raman effect is weak, a laser excitation source is required for practical for use. Shorter excitation wavelengths are the most effective for a given laser power because of the 1/l 4 dependence of Raman scattering intensity. For an on-surface planetary application, small volume Figure 1 . (a) The probe of the MMRS brassboard suspended above a small laboratory jack on which the sample rests. Although the laser beam is narrow ($28 mm) at the sample, multiple reflections give the pool of green light seen in the figure. (b) The MMRS spectrograph (black) is attached to a laboratory cooling box (covered with aluminum foil) to chill the CCD; on Mars, such a cooler will not be needed. Figure 2 . A schematic diagram of the probe, spectrograph, and ancillary units as they would be distributed between a mechanical arm and the rover or lander body in a spacecraft application. The diagram shows the optical components, their relative positions, and the light path. Power comes to the system from the host rover or lander and is conditioned by the instrument. Data for the set of spectra are sent from the microprocessor to the host for transmission to Earth. The probe shell is shown pressed against the uneven surface of a rock. The scanning motion of the optical bench within the probe shell is perpendicular to the page. and low power are important. For mineralogical work, relative freedom from photoluminescent interference in the fundamental vibrational regions of oxyanionic minerals, oxide and sulfide minerals, and H 2 O and OH is important. After experimental tests with lasers of a range of wavelengths, we elected to use a 532 nm (green) laser for the MMRS. Small, mechanically robust, relatively power-efficient lasers of this wavelength, (diode pumped, frequencydoubled YVO 4 /Nd + KTP devices) have recently become commercially available (e.g., CrystaLaser, MIT Lincoln Laboratory, NanoLaser, and Synoptics).
Probe Design
[10] In the brassboard unit, called BB1d, the excitation laser beam (wavelength l 0 ) reaches the probe via an optical fiber (see Figure 2) . A narrow band-pass filter within the probe removes the Raman signal produced within that fiber. A lens focuses the laser beam onto the sample and collects the backscattered radiation from the sample, which includes reflected laser light (wavelength l 0 ), Rayleigh-scattered light (also l 0 ), and Raman-scattered light. The probe filters out the reflected and Rayleigh-scattered radiation and directs the Raman signal to a second optical fiber that leads to the spectrograph.
[11] Compared with various laboratory and industrial Raman systems, the probe design of the MMRS is specialized in five principal ways. First, a probe design using an objective lens rather than a fiber-only probe design (e.g., single-fiber, fiber-bundle, or dual-fiber) [Schoen et al., 1992; Sharma et al., 1993; Cooney et al., 1996a Cooney et al., , 1996b was chosen because of the limited amount of laser power that may be available for a rover-or lander-based Raman system. A coaxial light path of excitation and collection ensures maximum cone overlap and thus maximum collecting efficiency of the Raman-scattered light. This is achieved by using the same objective lens to condense the laser beam onto the sample and to collect the scattered Raman radiation from the sample.
[12] Second, a multimode optical fiber was chosen instead of single-mode optical fiber for transfer of the excitation laser beam to the probe. This choice was made to improve system robustness against mechanical vibration and to make use of the higher coupling efficiency of excitation laser power that a multimode fiber offers. On the negative side, use of the multimode fiber (diameter $50 mm) limits how small the laser beam can be at the sampling spot. An f/1.2 lens system tightens the beam only to $28 mm diameter at the focal plane. (We anticipate obtaining a smaller spot, $10 mm, for the flight model MMRS.)
[13] Third, the manner of deployment of the MMRS affects the probe design. Raman spectral measurements will be done on the rough surfaces of rocks and soils mainly as they are encountered (i.e., without any sample preparation). The mechanical arm of the rover will position the MMRS probe by pressing it against the target, thus fixing the average distance between the sampling (and condensing) objective and the target. For simplicity and ruggedness, no automatic focusing is used. Instead, the probe has an effective depth-of-sampling field of several millimeters to accommodate the surface roughness anticipated for most samples. This is achieved by using a sampling objective with a long working distance ($1 cm) and a low numerical aperture (NA $0.45). A multimode optical fiber (d $200 mm) is used to collect the Raman signal from the probe and to transfer it to the spectrograph. This fiber acts like an oversized iris at the back-imaging plane of the sampling objective, and this makes it possible to collect Raman signal from off-focus planes of the sample. This configuration gives an effective depth-of-sampling field that considerably exceeds the depth of focus of the objective as normally considered. This large effective depth-of-sampling field is an advantage in Raman measurements on the uneven sampling surfaces of rocks. The use of the low NA objective and coarse core fiber to obtain a large depth-of-sampling field is in contrast to the current trend toward confocal Raman systems [Dhamelincourt and Barbillat, 1997 ; for planetary on-surface application, see Dickensheets et al., 2000] .
[14] Fourth, we obtain approximate proportions of minerals in a rock by a procedure analogous to petrographic point counting [Haskin et al., 1997] . Point counting is an accepted method for determining modal abundances of minerals, and by using a microbeam instrument in that manner we avoid the pitfalls of ''unmixing'' spectral signals from a large spot. The MMRS makes a linear traverse along the surface of the target, obtaining spectra at 100 sampling points. In an unaltered crystalline rock, the volume proportion of each mineral equals the fraction of the points along the traverse at which that mineral is encountered (subject to statistical considerations). To accommodate point counting, a stepper motor moves the optical bench within the shell of the probe along the surface of the target in increments of $12.3 mm or multiples of $12.3 mm across $1.2 cm of the target surface. A spectrum is taken at each step. The condensed laser beam activates only a small volume of the target, which usually contains only one or two mineral grains, so only their spectra are recorded. One of those grains may be a minor or trace mineral in the rock or soil, but it provides a major part of the Raman signal at that sampling point. This procedure increases the probability of detecting minor and trace minerals as well as weak Raman scattering minerals, whose signals would be lost in the background noise of the minor peaks of strong Raman scattering minerals if they were simultaneously excited by a broad excitation laser beam. Peak positions are key for mineral identification; peak intensities are not used for that purpose.
[15] Finally, we use dielectric band-pass, dichroic, and long-pass edge filters (Barr Associates, Inc.) in the optical train of the probe. These filters are particularly suitable for onsurface planetary applications because they have extremely low coefficients of thermal expansion ($10 À5 /K). Raman signal is produced within the optical fiber that transmits the laser beam to the probe. This Raman signal extends to >1000 cm À1 and has a maximum near 430 cm
À1
. The band-pass filter attenuates this signal, for example, by a factor of 10 À5 (OD > 5) at a Raman shift position of 105 cm
. The filter has >80% transmittance at the excitation laser wavelength (532 nm), so it does not significantly decrease the laser power to the sample. The dichroic filter serves as a front-surface mirror to direct the laser beam toward the sampling objective. This same filter, when acting in transmissive mode has an OD >4.5 at l 0 (=532 nm) to reject much of the component of the backscattered radiation (Rayleigh-scattered or reflected laser radiation) and a transmittance of 93 ± 4% starting from 543 nm (Raman shift of $380 cm
). This provides efficient transfer of the Raman signal from the sample. A long-pass edge filter provides additional rejection of l 0 with an OD level of 4.5 at 532 nm, and an even higher transmittance (95 ± 4%) for Raman signals. Overall, the current probe reaches $41% effective transmission for the 532 nm excitation beam, and $64% for on-focus Raman signal collected at a Raman shift of $3000 cm À1 ($633 nm).
Spectrograph Design
[16] The MMRS spectrograph receives the Raman radiation gathered by the probe via an optical fiber (Figure 2 ). This radiation is collimated, dispersed, and imaged onto a CCD detector (Charge Coupled Device). The MMRS spectrograph has an axially transmissive optical train. The major optical component that makes this configuration possible is a volume holographic transmissive grating (Kaiser Optical System, Inc.) that is matched by two sets of on-axis lenses for high-quality imaging. An advantage of a totally transmissive optical train in a flight spectrograph is its lower sensitivity to the unavoidable misalignments in a miniaturized instrument and to mechanical vibrations that may occur during rover mobility operations. The angular displacement of a ray caused by a misalignment or a mechanical vibration passing along a transmissive optical path is only half as large as it would be on passing along a reflective optical path.
[17] Also, from the point of view of optical design, a transmissive, on-axis optical train has intrinsically low aberration. By using multicomponent lenses for collimating and focusing, almost complete correction of the major aberrations (spherical aberration, coma, and astigmatism) can be reached over a large wavelength range. This allows low f number optics with a large solid angle of acceptance to be used. The low f number optics also enable a high throughput for Raman photons. The low aberration results in high imaging quality and high spectral resolution. For an axially transmissive spectrograph, it is easy to approach diffraction limited imaging, so that spectral resolution may be limited mainly by the width of pixels rather than by the point spread function of the optics. In addition, the low level of scattering by a volume holographic grating results in a lower level of stray light than is normally achieved using reflective components. The volume holographic grating we use has groove densities of 2455 lines/mm (lower Raman shift region) and 2156 lines/mm (higher region) to provide high angular dispersion. Lenses with very short focal lengths can therefore be used to attain high spectral resolution, and this allows the spectrograph to be compact [Battey et al., 1993; Arns, 1995] .
[18] Any dispersive spectrograph involves a trade-off between spectral coverage and spectral resolution to match a detector of fixed length. A transmissive, dual-blaze HoloPlex 2 grating can simultaneously disperse two separate spectral regions onto one CCD frame. Each spectral region can make full use of the 1088 channels ($20 pixels high) of the CCD detector. In this way, the spectrograph covers the spectral ranges (200 -1800 and 2500 -4000 cm
À1
) required to achieve the detection of a wide variety of minerals and organic substances, yet with adequate spectral resolution (see below) to determine cation ratios of geologically important phases (e.g., pyroxenes, olivine, carbonates, and sulfates). With this dual-blaze grating, we achieve a spectrograph of low mass and volume with wide spectral coverage and high spectral resolution.
[19] In most high-performance laboratory Raman instruments, a fiber-slit assemblage is used. Raman radiation transported via an optical fiber can be either directly coupled to or imaged onto the slit to form a rectangular image of the collected Raman radiation. This image is registered on the CCD, and its width determines the spectral resolution. The throughput of such an assemblage depends on the core diameter of the optical fiber relative to the slit width, that width being established by the required spectral resolution. To achieve our desired spectral resolution, we require a 50 mm input aperture to our spectrograph. As described above, however, our collecting fiber is 200 mm in diameter, so we have chosen to sacrifice nearly 70% of the Raman signal in order to preserve resolution by using the 50 mm slit.
[20] In the MMRS brassboard, a three-element lens collimates the Raman beam received from the fiber-slit assemblage, and a four-element lens condenses the dispersed spectral images onto the CCD detector. This pair of multicomponent lenses is aberration corrected and provides a $1:1 image of the slit onto the detector, which achieves the necessary spectral resolution.
[21] Because the MMRS operates in the visible spectral region, we use a silicon-based CCD camera as the detector. Specifically, we use a frame transfer, 1088 Â 1088-pixel CCD chip with a pixel size of 12 Â 12 mm (Phillips 1010) as the detector. An attractive feature of this CCD is its low dark current at relatively high temperatures (typically below 50 pA/cm 2 at 25°C). Our test results give a dark current as low as 10 pA/cm 2 at À21°C. Active cooling would thus be unnecessary for Raman measurements on Mars (e.g., 196-260 K at the 1-m mast of the Pathfinder lander at 19.33°N, 33.55°W). Only a simple heater would be needed to keep a stable working temperature during early nighttime operations on Mars. This device has its highest quantum efficiency in the green wavelength region (>25% between 532 and 580 nm), which is similar to the quantum efficiency of other CCDs used in commercial Raman spectrometers in this spectral region. Other features of this device include a readout speed of 30 frames/s, 200Â vertical antiblooming, a choice of vertical or horizontal summing, a dynamic range of 5800:1, a full-well capacity of $200,000 electrons, and a readout noise of $5 electrons per pixel. The clocking and readout of the CCD are controlled by a microprocessor. For CCD readout, on-chip 1 Â 4 vertical binning is currently being used, which yields a maximum of 2 14 counts per binned stack. Adjustable summing over 6 -7 binned stacks is done to obtain the spectrum from each image blaze. Processing of the Raman data is handled by a platform system processor using a LabView test program. All subsystems (laser, step motor, sensors, and heaters) and the interface with rover/or lander will be autonomously controlled by the MMRS electronics system.
Environmental Tolerances
[22] The MMRS must endure four different periods during a mission to Mars: liftoff from Earth (mainly, strong vibrations), cruise from Earth to Mars (long shelf life, cold temperatures, cosmic radiation), descent onto the Martian surface (deceleration, shock), and on-surface operations (mainly cold or warm temperatures, temperature cycling, vibrations during rover movements, and cosmic radiation). Each period has somewhat different environmental hazards. Levels of accommodation for some environmental hazards are still being defined. Thermal stability requirements for the probe will differ from those for the spectrograph on the Martian surface because these two components are positioned at different locations. The probe will be mounted on the end of a robotic arm for in situ measurement and thus will directly experience the Mars temperature cycling. The probe must function during the early Martian night. Its required survival temperature range is À110°C to +65°C, and its operating temperature will lie between À20°C and À70°C. The spectrograph can either be heated separately or be positioned inside of the warm electronic box (WEB) of the rover to mitigate the temperature extremes of the external environment. The survival temperature of the spectrograph is À55°C to +65°C, and it is for CCD cooling that the MMRS will operate during the Martian night.
[23] Several of the technologies required for a flight model MMRS have already been used or tested for space applications. These include mechanical mountings, dielectric filters, optical lenses, and stepper motors. The volume holographic grating has not yet flown in space, but is known to survive temperatures from À50°C to +80°C (Kaiser Optical Systems, Inc.). Our preliminary temperature cycling tests showed that a unit of same general physical structure and made of the same materials (a volume holographic notch filter) remained intact when cycled from À98°C to +105°C. The volume holographic grating, which will reside in the rover WEB, does not have to accommodate to that wide a temperature range, and no observable shift in its dispersion is anticipated (estimates of thermal expansion give <1 cm À1 shift per 60°K change in temperature for both spectral regions). Should a small shift occur, it would not greatly affect the Raman measurements, because a correction can be made on the basis of the internal calibration standard, which is measured with each spectral data set.
[24] Among the technologies involved with MMRS development, the biggest unknown until recently has been the mechanical survivability and the low temperature characteristics of the optical fibers. These fibers must be bent and twisted at low temperature during deployment of the instrument by a robotic arm, usually during the Martian day (T = +5 to À30°C). They must also follow the much smaller movement of the probe optical bench during point count traverses ($1.2 cm, linear) during the much colder Martian night (T = À20 to À70°C). Extensive optical fiber performance tests at low temperatures have now been conducted, and detailed results will be published elsewhere (Keedy and Lane, personal communication, 2001 ). The first-order problem, protection of the fibers against accidental snags, whether during installation or operations, is avoided by the use of fibers sheathed in 1.5 mm diameter stainless steel capillaries. For testing, capillary-shrouded fibers in groups of four (one coarse fiber of 200 mm diameter, three finer fibers of 50 mm diameter) were curled into coils $19 mm in diameter. Each coil was then bent, twisted, or stretched continually for 10 -20 hours in a cold bath at temperatures ranging from room temperature to À77°C. Variations in light throughput were negligible during both stretchingcompressing and bending motions. Variations of $5 to 20% were observed during twisting motions, but light intensities returned to their original values as soon as the motion was stopped, whether or not the torque was still being applied and the capillary had relaxed. No fiber broke during these cold tests.
[25] The radiation tolerance requirement for MMRS is set as 2 -3 krad over the lifetime of the mission. A test on a volume holographic filter (made of same materials and having the same physical structure as the volume holographic grating) conducted by Dr. R. Donchoe at Los Alamos National Laboratory showed no observable change in transmittance after 104 krad of 60 Co g-ray radiation (Donchoe, personal communication, 1998) .
[26] Tolerance requirements for mechanical vibration have not yet been set for the MMRS. The major concerns are vibrations during launch and acceleration, during separation of rocket stages, and on deceleration and landing, plus perhaps irregular jolts and vibrations during rover travel. We have selected Diamond AVIM optical fiber connectors (Rifocs Corp.) for their ruggedness for optical coupling of the fibers between the Raman probe and spectrograph. In addition to low light loss and a broad operating temperature range, this type of connector has high vibration and shock tolerance. In addition, both CW (continuous wave) and pulsed 532 nm laser systems of the type we anticipate using in the MMRS have passed 1G and 9G vibration tests (Crystalaser, Synoptics, personal communication, 2000) . Minor optical misalignment caused by mechanical vibrations and shocks will be monitored by the use of the Raman peak intensity variation of the internal calibration target. This target (not yet selected) will be placed at the focal plane of the sampling objective when the optical bench is in its docking position in the Raman probe shell. The peak positions from this calibration target will also be used to correct for any change in Raman peak positions of measured samples resulting from temperature shift of optical elements and the laser or from environmentally produced alignment shifts.
Performance Tests of the MMRS Brassboard
[27] The MMRS system is designed to function under the conditions of the Mars surface. For the testing of the brassboard in our laboratory at room temperature, a stream of cold nitrogen gas was used to cool the CCD to À20°C. This provides the low dark current that the Mars evening temperature environment will automatically furnish. The CCD enclosure was purged with dry nitrogen to prevent water condensation from the laboratory atmosphere. Also, the Raman probe was suspended on an adjustable XYZ stage for positioning for measurements, analogous to the placement of the instrument by the robotic arm of a rover or a lander.
Basic Spectrometer Performance Tests
[28] Spectral coverage, spectral resolution, wavelength calibration, light throughput, overall spectral response, and line scanning are the essential aspects of spectroscopic performance that we have tested. The spectra of standard Hg and Ne lamps are shown in Figures 3a and 3b . The CCD wavelength scale was calibrated using a sixth-order polynomial regression for 11-and 15-point calibrations based on Hg and Ne lines in both spectral windows. The error is <0.1 cm À1 across the entire length of each spectral window. A similar 12-point calibration based on Ar lines gives the same result for spectral window 1. The dispersions over the spectral range of interest are essentially linear (see the inserts in Figures 3a and 3b) . On the CCD, the image of each blaze has a height of 24 pixels ($280 mm), and the vertical separation between the two blazes is 112 pixels. The first spectral window covers Raman shifts from 160 to 2645 cm À1 , corresponding to the spectral range of the fundamental vibrations of silicates, carbonates, phosphates, sulfates, and other oxyanionic compounds as well as most oxides, sulfides, and graphitic materials. The second spectral window covers Raman shifts from 2400 to 4600 cm
À1
, corresponding to the spectral range of fundamental vibrations of C, N, and O with H in organic functional groups, and OH and water. The two spectral windows of the brassboard overlap in the 2400 -2640 cm À1 region.
[29] Based on the spectral range of each blaze of the grating, we have calculated the wavelength spread per pixel and can predict the width of the slit image at the CCD camera. The 50 mm entrance slit width is just over four times larger than the 12-mm pixel width. The minimum image width on the CCD is the sum of the ideal slit image width plus the increase in width from diffraction, estimated to be $3 mm, for a total of 51 mm, assuming an aberrationfree system. In terms of CCD response, and noting that the edge of the image will likely be in the interior of a pixel rather than at the boundary between pixels, the image would usually be 5 pixels wide, or $60 mm, but if the image fell in just the right location, it would extend across 6 pixels or 72 mm. The light is most intense toward the center of the image, giving rise to the peak shape shown in Figures 4a  and 4b . Atomic emission lines of Hg, Ne, and Ar standard lamps were used, and we evaluated the imaging quality of the spectrograph by comparing the measured widths of their atomic lines with the estimated minimum image width if there are no aberrations. By curve fitting, we obtained the full width at 10% maximum (FW10%M), which we use as a rough measure of the peak width. Both the FW10%M and the more commonly used FWHM values are listed in Figures 4a and 4b , along with the estimated minimum width of the image (60 mm for 5 pixels or 72 mm of 6 pixels, and converted to wave number using the linear dispersions of the groove sets in the grating).
[30] The measured spectral line widths (FW10%M) of two Hg lines in spectral window 1 are 13.5 and 13.9 cm À1 . These values lie within the respective ranges of estimated image widths for 5 and 6 pixels of 12.2 -14.6 and 12.1 -14.5 cm À1 (Figure 4a , spectral window 1). The measured width of the neon line exceeds the 6-pixel width by $0.4 cm
. The measured line widths of two Ne lines at longer wavelengths in spectral window 2 exceed the estimated values for 6 pixels by 0.6 and 0.9 cm
. That the lines are only $2-5 mm broader than the estimated minimum image width (for zero aberration) indicates little aberration, well under 1-pixel width. Reasons for the additional broadening include deviations related to allowed tolerances in fabrication of the lenses (radius of curvature, thickness, position of the optical axis) and the grating (tilt of two sets of groves), and the mechanical mounting of the optical components (spacing, tilt, etc). The FWHM values for the Hg and Ne lines suggest that the spectral resolution of the current brassboard is 8 -9 cm
. This enables location of Raman peaks to better than 2 cm À1 by curve fitting of spectral peaks. The two inserts in Figures 4a and 4b are Raman peaks obtained from mineral and organic samples. The spectral resolution of the MMRS brassboard enables the triplet in the fundamental vibrational modes of feldspar (Si-O framework) and the quadruplet stretching modes (C-H) of an amino acid (alanine) to be well resolved.
[31] The overall spectral response reflects the combined effects of the quantum efficiency of the CCD detector, the diffraction efficiency of the grating, and the transmittance and reflectance of the other optical components (filters, lens, optical fibers). A standard white light source of known spectrum has been measured using the MMRS brassboard; a sixth-order polynomial regression was used to fit the recorded spectrum in order to smooth out noise and modest filter ripple. The overall response curve was then obtained by correcting the smoothed spectrum to the emission curve of the white light source (Figure 5 ). The general shapes of the response curves for the two spectral windows demonstrate that the CCD and the grating in the MMRS brassboard are functioning as expected. The central high in spectral window 1 corresponds to the peak in grating efficiency for wavelengths in the middle of that spectral window. The sharp decrease in the response curve toward the l 0 laser wavelength of 532 nm occurs because the dichroic and long-pass filters remove light of the laser wavelength from the collected light. The central high in spectral window 2 hardly perturbs the curve for that region because the strongest effect is the lower quantum efficiency of CCD in that region.
Tests on Geological Samples
[32] We have done three types of tests on geological samples. One set of tests was done on large individual mineral crystals and other substances with well prepared surfaces and under the most favorable experimental conditions. The purpose of this set was to compare the performance of the brassboard to that of our state-of-the-art laboratory HoloLab5000 Raman spectrometer (Kaiser Optical Systems, Inc.) and to exclude any interference from unfavorable sample conditions in making this comparison. The second set of tests was Raman point counting on rocks, where the mineral phases and other substances to be identified are embedded in rock matrices of different types and have a range of grain sizes. Most of the rock samples had flat, rough-sawn surfaces (a few original rough surfaces were also measured), but the measurements were moderately off-focus for most spots during the automatic linear scans. The purpose of this set was to understand how well the breadboard could be used to characterize rock samples under somewhat degraded experimental conditions. The third set of tests was done to determine the practical limit of the sampling depth of field for rough rock surfaces and for small grains.
Identification of a Wide Variety of Phases
[33] In consideration of actual and potential major geologic and mineralogic features of Mars, first-order tests were done on the major rock-forming minerals olivine, pyroxene, feldspar, quartz, and calcite. The same samples were measured using both the MMRS brassboard and the HoloLab5000, both using the same excitation wavelength (532 nm). The samples in this test all have flat surfaces, and measurements were done with the laser beams well focused on those surfaces so differences in surface geometry would be minimized. The same integration times were used for the measurements made on both systems, in order to get the most meaningful comparison of the S/N of the Raman spectra. Two sets of raw spectra obtained using the two systems are shown as Figures 6a and 6b. (Raw spectra are uncorrected for background or interferences such as photoluminescence.) To first order, both spectrometers give spectra of similar Figure 5 . The relative overall system response for spectral windows 1 and 2 is shown. The main components giving rise to this response are the grating efficiency, the CCD response, and the transmittance of other optical elements, i.e., the filters, lens, and optical fibers, all of which are wavelength dependent. The sharp cutoff by the filters removes light of the laser wavelength in spectral window 1. quality, and identification of these mineral phases from the raw spectra is straightforward from either set.
[34] Phosphates, oxides, and sulfides occur as minor or trace phases in igneous rocks. Identification and characterization of these phases can be critical to understanding the history of a rock and the environment of its origin or alteration. Iron oxides and oxyhydroxides are abundant at the surface of Mars [e.g., Madsen et al., 1999; Hargraves et al., 2000; Morris et al., 2000 Morris et al., , 2001 . Iron oxides and iron sulfides are weaker Raman scatterers than silicate minerals and need longer integration times to get Raman spectra with acceptable S/N. They all have characteristic ''fingerprint'' spectra and are readily identified from their raw spectra [Wang et al., 1998b [Wang et al., , 2001a . Examples obtained using MMRS brassboard are shown in Figure 7 . In a linear traverse of 100 spectra on Mars, a preliminary spectrum will be taken at each traverse point. This preliminary spectrum will be processed to determine the necessary integration time for the spectrum to be taken at that spot. Thus, weak Raman scatterers such as Fe oxides can be given a minute or more of exposure to the laser beam to increase the chance of their detection, whereas strong scatterers (most major minerals) will be given only a few seconds per spectrum.
[35] Given the nature of the Mars atmosphere, the evidence of past volcanic activity, and reports suggesting the presence of sulfate and carbonate minerals in the remote sensing literature, we will want to be able to observe those minerals. (See the works of Soderblom [1992] , etc.), the strength and reduced mass of specific bonds (C-O, S-O, Si-O, P-O, etc.), and the overall structural arrangement of the anions within the Figure 6 . Raw spectra of large, single grains of several minerals taken on the MMRS brassboard (a) are compared to raw spectra of the same specimens taken on the HoloLab5000 (b). The integration times are the same (except for calcite). The laser power to the sample is 11 mW for the MMRS and 14 mW for the HoloLab5000, and the spectra have not been adjusted to compensate for this difference. Intensities are on an arbitrary scale and no quantitative comparison between the two systems is made; signal-to-noise ratio is the quantity of interest here. minerals. The major peaks of these minerals do not overlap each other, so a straightforward, first-order mineral classification can be achieved by direct inspection of the raw spectra even when the spectrum contains peaks from more than one mineral. The positions of Raman peaks and their relative intensities (i.e., the Raman spectral pattern) are affected to second order by the cations bonded to these oxyanionic groups. Therefore, detailed mineralogical characterization, such as cation ratios in carbonates or variation in the hydration state of sulfate, can be extracted by detailed analysis of Raman spectra. For example, the major, sharp peaks near $1085 and $990 cm À1 in Figure 8 are diagnostic of the CO 3 2À and SO 4 2À anionic groups, while the precise Raman shifts of those major and minor peaks indicate the identities or the proportions of the different cations [Kuebler et al., 2001] .
[36] Raman spectroscopy is a sensitive indicator of water and can identify the minerals in which it occurs. Spectral pattern and peak positions for OH vibrations vary with the degree of hydration and the local symmetry of the OH bonding in a mineral. Thus, an OH spectrum can appear as several sharp peaks indicative of specific, well defined OH bonding sites (e.g., in amphiboles), or broader ''water'' peaks with varying shapes affected by the degree of hydration (e.g., in phyllosilicates). Unambiguous identification of water-bearing minerals, both weak Raman scatterers (muscovite, chlorite, serpentine) and strong scatterers (epsomite, copper sulfate), is illustrated by the MMRS spectra in Figure 9 . Note that the water signal is readily seen in both the weaker and stronger scatterers . Figure 7 . Raman spectra are shown for some Fe oxides, an Fe sulfide, and an apatite (a phosphate mineral). Note the relatively broad peaks of the hematite and maghemite and the fluorescence peaks from rare Earth elements in the apatite spectrum. Figure 8 . Raman spectra are shown for series of carbonate minerals (a) and sulfate minerals (b). Sulfates as generic groups can be easily distinguished from carbonates (and other oxyanionic minerals) because their principal peaks fall in slightly different regions of the spectrum. Individual sulfate minerals and carbonate minerals can be distinguished from each other because the exact positions of the peaks depend on which cation is present.
[37] The Raman peak shape and peak position of liquid water also vary with the type of dissolved ions. Differences in physical state (e.g., liquid water or water ice, gaseous CO 2 , or dry ice) show obvious differences in spectral features (Figure 10) Longhi, 2000 Longhi, , 2001 Komatsu et al., 2000] .
[38] Any organic compounds found on Mars will be of interest. Compared to minerals, organic compounds are stronger Raman scatterers and can thus be detected at low concentrations. In addition, the positions of their major peaks and their spectral patterns are different from those of minerals. Distinguishing between organic and inorganic materials based on their Raman features is therefore straightforward [e.g., Edwards et al., 1999; Wynn-Williams and Edwards, 2000] . The major vibrational modes of H bonded to O, C, and N give peaks in the upper spectral region (2500 -4000 cm À1 ). These peaks are extremely sharp, and strong multiplets occur. The general locations of these multiplets (CH $2800 -3100 cm
À1
, NH $3000- ; the SO 4 2À concentration is $2.6 mg/g.
cm
À1 , OH $3400 -3800 cm À1 ) can be used to distinguish among them. The major peaks that arise from bonds between C, O, N, and S in organic compounds occur in the lower spectral region (200 -1700 cm À1 ). Spectra are shown of two simple amino acids, glycine and alanine (Figure 11 ), taken by using the MMRS brassboard. As organic materials, including those of biogenic origin, undergo metamorphism, they are processed into kerogen or similar materials. The Raman spectra of these degraded materials can range from complicated organic spectra, to mainly a photoluminescence background, to graphite. In some metamorphosed rocks, we observe a poorly ordered form of C showing a broad peak in the range for graphite ($1600 cm À1 ) and a second broad peak at a lower Raman shift ($1360 cm À1 ) [Wopenka and Pasteris, 1993] . We will refer to the materials giving such a double-peaked spectrum as ''disordered graphitic C.'' We have observed disordered graphitic carbon presumed to come from ancient organisms in ancient cherts, for example [Wang et al., 2001b ; see also Kudryavtsev et al., 2001] . This type of carbon might be the principal or only remaining evidence of ancient life on Mars. (The harsh present environment of Mars, and particularly the oxidizing agent in the Martian soil, may destroy even this resistant carbonaceous material at most locations unless it is well encapsulated [e.g., Yen et al., 2000] .) Graphitic carbon is a strong Raman scatterer ( Figure 11 ) and it is readily and sensitively observed. Graphitic carbon in an ancient South Africa chert was detected by our HoloLab5000 Raman system down to concentrations of <50 ppm [Wang et al., 2001b] . Raman spectra taken by MMRS brassboard on that same sample are shown in Figure  11 ; definitive spectra were obtained at the <50 ppm concentration level with the MMRS as well, even though the S/ N is somewhat lower than that of the HoloLab5000 system.
Understanding Rocks
[39] Raman point counting is the procedure we propose to use to study rocks on Mars [Haskin et al., 1997] . In this procedure, 100 sequential Raman spectra will be taken along a linear traverse on the surface of a rock. Each Raman spectrum obtained will contain the peaks of the minerals excited by the excitation laser beam. Mineral proportions will be estimated from the frequency of appearance of the Raman spectrum of each mineral in the set of spectra. For example, if plagioclase is observed at 40 out of 100 points, then the rock contains 40% plagioclase (in some cases, more than one mineral will fall within the excitation volume). To a first approximation, one can claim 40 ± 6% plagioclase (1s). Such an estimate is usually adequate for rock classification, for which both mineral proportions and mineral grain size are needed. Grain size is inferred to be large if a sequence of points in a scan give spectra of the same mineral and the cation ratio is constant or varies monotonically across the sequence. The proportion of a trace phase cannot be well determined from a 100-point scan; the trace phase can show up more often or less often than its actual proportion in the rock, or it can be missed all together. The frequency with which a trace phase is observed depends on its Raman scattering cross section and on its proportion in the rock or soil, its grain size, and the uniformity of its dispersion. In addition, cation ratios of olivine, pyroxene, and some oxide minerals can be obtained from the spectra, and these provide further information about the origin and alteration of the rocks.
[40] Obtaining this information by Raman point counting requires that a high fraction of the spectra from a point counting traverse have detectable Raman peaks. In our experience, spectra without detectable peaks occur for two general reasons. In one situation, the Raman scatterers yield such a low level of counts that no spectral peak rises above the spectral background noise. This situation most often occurs when the focal plane of the laser beam is offset by several millimeters from the sample surface or when the sample is very dark and there is strong absorption of the laser beam. This problem can often be remedied by increas- ing the integration time to minutes; this has not been done in the point counting traverses reported here; a fixed counting time was used for all points in a given sample. In the other situation, the spectrum has such a high background that the noise masks the Raman peaks. This usually occurs because the laser has excited a highly fluorescent substance. These spectra are not uninformative, however. Many organic residues encountered in rocks or soils yield high fluorescence, which means that fluorescence is an indicator that such material might be present. Some mineral phases are also fluorescent, and some of these minerals have narrow fluorescent spectral lines that are diagnostic of the particular element (especially the rare earth elements). Inorganic fluorescence from Mn and Fe are common and give broad peaks. The central location of such broadband fluorescent backgrounds, both organic and inorganic in origin, and seen mainly in some carbonates and feldspar, provides information about the origin and history of the host rock.
[41] In most cases, it is more difficult to obtain good spectra from minerals in rocks than from separated, individual mineral grains. Surfaces of rocks are rough, sizes of mineral grains may be small, the laser beam reflects from internal mineral boundaries as well as from the surface of the rocks, and fluorescent phases may be present. These factors all reduce the strength of the Raman signals or increase background. The results from 18 sets of Raman point counting measurements on 9 rock samples of varying degrees of alteration using the MMRS brassboard are summarized in Table 1 . Among these rocks, EETA79001,476 is an SNC Martian meteorite of the basaltic shergottite type [McSween and Jarosewich, 1983] , the Ortenburg basalt is essentially unaltered, the FRB basalt is slightly altered, the AKB basalt is a 1.3 Ga old rock strongly altered by hydrothermal processes [Brannon, 1984] , the banded calcsilicate is a metamorphic rock, the Missouri red granite is unaltered, Mojave 3256 is a tufa, the MW11-2 chert is a 3.35 Ga chert from South Africa [Walsh and Lowe, 1999] , and the impactite is from the Manson crater, IA. Of the 433 spectra taken during the Raman point counting measurements on these materials, more than 94% contain interpretable peaks. Based on these spectra, all of the major minerals in all nine rock samples were identified and provided adequate bases to classify the rock types unambiguously. The identification of water-or OH-bearing minerals (e.g., amphibole and epidote in the banded calc-silicate and zeolite in AKB) and of alteration products (e.g., sphene and hematite in FRB) is crucial for determining the environmental histories of these rocks (Figure 12) .
[42] Minor and rare mineral phases are likewise important for understanding the origins and alteration of rocks. The discovery and characterization of those phases can depend on their Raman scattering strength and the number of spectra taken during the point counting traverses. Some minor phases are strong scatterers, e.g., phosphate in EETA, hematite in FRB, and calcite in the banded calc-silicate and in the impactite, and were detected from the point counting scans using the MMRS brassboard. Relative to the HoloLab5000, however, the larger spot size of the MMRS excitation laser beam reduces the chance of observing minor phases such as most Fe oxides that are weak scatterers (hematite is an exception). The broader laser beam is more likely to activate major minerals that are stronger scatterers and the signal from the weaker, less abundant scatterers can be overwhelmed by the background of numerous small peaks from the major minerals.
[43] Among the mineral modes of three basaltic rocks derived by Raman point counting (Table 1) , only the mode of the Ortenburg basalt is typical for a basalt. The mode of the FRB basalt is recognizably that of a basalt once it is realized that the proportions of sphene and hematite are overestimated. In the case of the minor mineral sphene in the FRB basalt, the overestimation occurs because sphene is a much stronger Raman scatterer than the major minerals, so the laser readily produces its Raman spectrum even when only a trace of sphene falls within the excitation volume. In the case of hematite, the overestimation occurs not only because hematite is a strong scatterer, but also because it is an alteration product that is widely dispersed albeit low in modal abundance. In short, a petrologist must use background knowledge and common sense to interpret the results from a Raman point count. The observation that sphene and hematite are present is important to recognizing the conditions under which the rock formed and was altered. Only a cursory scan across the amygdular fill of the AKB altered basalt was made to observe the calcite and the water- Figure 12 . The spectra in this figure were encountered during point count scans on rock samples. The three upper spectra are of water-bearing minerals and they are indicative of the environment in which these minerals formed. The three lower spectra are from minor and trace minerals and also are indicative of the conditions of formation or alteration of their host rocks. bearing zeolite; a detailed Raman study of this rock including the matrix was made earlier [Wang et al., 1999a] . The extent of alteration of AKB is so great that no straightforward mineral mode can be obtained. The original basaltic character of the rock can nonetheless be inferred from its relict pyroxene and plagioclase.
[44] The mode for Martian meteorite EETA79001 leaves out the mineral feldspar (Table 1) . Because this rock experienced strong shock pressure during its ejection from Mars, its feldspar was converted to maskelynite, an amorphous material of feldspar composition. Maskelynite has been observed in Martian meteorites using Raman systems [Cooney et al., 1999; Wang et al., 1999b; Fagan et al., 2000] ; in fine-grained rocks, glass is more easily observed with a confocal Raman system, in which the Raman signal comes from a much smaller collecting volume than that of our more traditional type of Raman system. Glassy materials have Raman scattering strengths that are much weaker (by $2 orders of magnitude) than those of crystalline minerals. Although glassy materials can be readily identified when they dominate the spectrum, the Raman peaks of glass can be easily masked by the peaks of the crystalline phases when they are sampled together, which occurs especially when the excitation laser beam is relatively large, as in the present MMRS. Such was the case for 121 of 124 spectra obtained from rock chip 476 of EETA79001; the other three spectra were overwhelmed by a high fluorescent background, and thus no maskelynite could be identified from the spectra of EETA79001 taken by MMRS brassboard. On Mars, feldspar will normally occur as a crystalline phase with a Raman scattering strength similar to that of pyroxene, and thus it can be unambiguously identified. A point count should then provide the correct relative proportions of feldspar and pyroxene (see also the work of Wang et al. [1999b] for a discussion of Raman point counting of the Zagami Martian meteorite).
[45] Based on our Raman spectroscopic study of rock chip 476 of Martian meteorite EETA79001 [Wang et al., 1999c [Wang et al., , 2000 , and in agreement with an earlier petrologic study [McSween and Jarosewich, 1983] , we observed that this rock cooled rapidly, as indicated by its small grain size (successive spectra were either not of the same mineral or were pyroxene in which the pattern of cation ratios was random and not monotonic, indicating relatively small grains) and the chemical zoning of its pyroxene and olivine mineral grains. In these minerals, Raman peak positions of pyroxene and olivine are dependent on cation ratios of Mg 2+ , Fe 2+ , and Ca 2+ [Wang et al., 2001c; Guyot et al., 1986] . Pyroxene and olivine spectra obtained using the MMRS brassboard on rock chip 476 show variations in peak position over a range of 7 cm À1 for pyroxene and 3 cm À1 for olivine. These ranges are smaller than those obtained using the HoloLab5000 (18 cm À1 for pyroxene and 10 cm À1 for olivine) for which the laser beam is much narrower ($6 mm diameter). The narrower range in peak shift is caused by the averaging effect of the larger MMRS laser beam combined with chemical zoning over distances that are short relative to the diameter of the beam. Nevertheless, the distributions of the Mg 2+ cation molar ratios Mg/(Mg + Fe + Ca) in pyroxene and Mg/(Mg + Fe) in olivine of this rock chip based on measurements done using the MMRS brassboard are consistent with those done on the HoloLab5000 ( Figure 13 ) and with those based on electron microprobe microanalysis [McSween and Jarosewich, 1983] . Results are imprecise for the Ca 2+ cation ratio Ca/(Mg + Fe + Ca) of pyroxene obtained using the MMRS brassboard, for two reasons. One is the error in determining the position of the $670 cm À1 peak because of the lower spectral resolution than is available with a commercial Raman system. The other is the intrinsically weaker correlation between Ca 2+ cation ratio and Raman peak positions, which occurs because both Ca 2+ and Fe 2+ move peaks in the same direction, opposite to that of Mg 2+ [Wang et al., 2001c] . 3.2.3. Tolerance of Adverse Conditions: Rock Surface Roughness and Fine Grain Size
[46] Because no autofocusing mechanism will be used in the MMRS, most Raman spectra in a point counting linear traverse will be collected off-focus. For these measurements, the MMRS must have a high tolerance for rock surface roughness if it is to obtain a high percentage of informative spectra.
[47] We asserted above that the optical design of Raman probe provides a depth-of-sampling field of millimeters. In conjunction with that aspect of the optical design, a high overall level of system light throughput is needed because the Raman signals from off-focus measurements are weaker Figure 13 . The Raman peak positions of pyroxene and olivine can be used to deduce the ratios of the cations in those minerals [Wang et al., 2001c] . Results are shown for the Mg 2+ cation ratio (Mg/(Mg + Fe + Ca)) and Mg 0 (Mg/ (Mg + Fe)) in a chip of the Martian meteorite EETA79001. Note the lower resolution of the MMRS relative to the HoloLab5000, mainly a consequence of the larger diameter of the laser beam of the MMRS, which integrates across wider expanses of compositional zoning. (The flight version of the MMRS will have a much narrower laser beam, which will improve the effective resolution for cation ratio determination.) than those taken near the focus. This is more of a problem for intrinsically weak Raman scatterers than for strong ones, and the maximum off-focus distance for detecting weak scatterers is thus shorter than that for strong scatterers. An important factor that affects the distance for off-focus detection of a mineral is the nature of the matrix in which it resides and the grain size of that matrix. Off-focus measurements sample a larger area than on-focus measurements, and in a fine-grained material, off-focus measurements can involve Raman signal from several grains rather than just one or two. Thus, if the target is far enough out of focus, only strong scatterers may be detected even when a weak scatterer is within the illuminated volume. If at a particular location a strong scatterer is observed to have a weaker peak intensity than is common at other locations on the target, the location from which that spectrum was obtained may be significantly off focus. Also, if the matrix has a high level of fluorescent emission, or if the matrix is a strong absorber of the excitation laser wavelength, the Raman emission from a particular mineral grain in the matrix could be missed when a large area of matrix gets sampled in an off-focus measurement.
[48] We selected three major rock-forming minerals, quartz (colorless), olivine (moderately dark-colored), and pyroxene (dark-colored), to test the depth-of-sampling field of the MMRS brassboard. The test was made first on single, large mineral grains that contained the entire sampling volume of the Raman probe even at 7 mm off-focus. Then, a set of tests was made on the same minerals but on grains within rock samples: quartz of large grain size (several millimeters) in the Missouri red granite, olivine of smaller grain size (<1 mm) in the almost black Ortenburg basalt, and pyroxene of $0.15 mm grain size in the gray Martian meteorite EETA79001. Sequential off-focus measurements were made by moving the Raman probe both toward and away from focus in increments of 100-500 mm. The spectra obtained when the probe was moved away from the Missouri red granite are shown in Figure 14a . The quartz spectrum is easily seen at all distances, but the integration times were necessarily longer for the spectra taken farthest from focus. The S/N of the Raman peaks, measured as peak height over the RMS value of the adjacent background, was used to evaluate the detection sensitivity of each mineral when measured off-focus. We observed no obvious difference in rate of change of the S/N in starting the sampling objective below the focal point as opposed to starting it above the focal point (Figure 14b ). The S/N of the Raman spectra as a function of the off-focus distance is shown for all six sets of measurements in Figure 14c .
[49] The MMRS brassboard demonstrates an excellent depth-of-sampling field of at least ±7 mm for light colored, strong Raman scatterers such as quartz (carbonates and sulfates would be similar). We found no obvious difference between measurements on individual, isolated pure mineral grains and those on large grains in a light colored rock matrix, except at the farthest off-focus distances, where the large single mineral grains still contained the entire sampling volume but the mineral grain within the rock matrix did not. The depth-of-sampling field of ±2 mm is acceptable for medium strength Raman scatterers such as pyroxene (feldspar and other silicates would be similar) in a light colored rock matrix of fine grain size, as was observed for Martian meteorite EETA79001. Olivine has a fairly large grain size in the Ortenburg basalt and a slightly higher Raman scattering strength than pyroxene (compare the curves in Figure 14c for pure olivine and pure pyroxene). Figure 14. (a) The changes in the spectra that accompany defocusing of the instrument are shown for a favorable situation, quartz in the Missouri red granite. A substantial depth-of-sampling field (DSF) is crucial to compensate for target relief during measurements on rock or soil surfaces as encountered in the field. The spectra are shown in a manner to emphasize the decrease in S/N with increasing distance from the focal plane. (Note the expanded abscissa compared with that of previous figures.) (b) The signal-to-noise ratio for off-focus measurements is symmetric in both directions from focus, i.e., from below or from above the target focal point. This is shown for the single crystal of quartz and for a grain of olivine in the Ortenburg basalt. (c) Signal-to-noise ratios for mineral samples are less sensitive to off-focus distance than those for small mineral grains embedded in rock matrices, as seen here. The single-grain mineral samples are quartz, olivine, and pyroxene; the same as those in Figure 6 . The mineral grains in rocks are quartz in the Missouri red granite, olivine in the Ortenburg basalt, and pyroxene in Martian meteorite EETA79001.
However, the depth-of-sampling field measured by the MMRS brassboard on olivine in Ortenburg basalt is actually shallower than that for pyroxene in EETA79001, only about ±1.2 mm. This appears to be an effect of the stronger competition from absorption in the much darker matrix of the Ortenburg basalt.
[50] Characterizing fine-grained materials on Mars is a challenge for all in situ or remote sensing instruments and that includes the MMRS. The magnitude of the grain size effect depends on the Raman scattering strength of each particular mineral. We have prepared different types of finegrained samples. In one experiment, crystals of calcite and olivine were separately ground and sieved wet into the following size ranges: >250, 250-150, 150-75, 75-37.5, and <37.5 mm [Wang, 1999d] . We took spectra on the smallest of these using MMRS brassboard. In the <37.5 mm size fractions, most of the olivine grains are 1 -3 mm in diameter and most of the calcite grains are in the 1 -5 mm range [Kuebler et al., 2001] . The measurements were made on heaps of these grains; thus, the effects of surface to volume ratio, porosity, multiple reflections at grain boundaries, and surface roughness are all present. The spectra from these samples are shown in Figure 15 . The MMRS brassboard obtained good Raman signals from both samples. We do not observe a spectral pattern change or peak position shift in the Raman spectra of fine grains down to 1 mm, in contrast to some observations using Vis -Near-IR and Mid-IR spectroscopy [Pieters, 1983; Pieters et al., 1993a Pieters et al., , 1993b Lane, 1999] .
[51] Sulfur is abundant in the Martian soil, probably in the form of sulfates [Clark and Van Hart, 1981] . Sulfates may be present as evaporite minerals in the duricrust. We produced a simple form of pseudoduricrust by evaporating a solution of MgSO 4 onto a matrix of powdered, fine-grained quartz. The sulfate grain size was mostly 1 mm [Kuebler et al., 2001] . In raw Raman spectra obtained using the MMRS brassboard (Figure 15 ), the major Raman peak (982 cm À1 ) of freshly produced MgSO 4 Á 7H 2 O and minor peaks at lower Raman shift values were easily observed. The broad peak produced by OH vibrations in the bound H 2 O molecules is also visible in the spectrum, but only after flat-field processing. On standing in the laboratory environment for several months, some of the MgSO 4 Á7H 2 O was partially dehydrated. The additional peak at 950 cm À1 is from that less hydrated form.
MMRS Engineering Model
[52] The purpose of this paper has been to demonstrate that we can fabricate a miniaturized Raman spectrometer of near laboratory caliber suitable for use on a planetary surface mission, especially the surface of Mars. The results from the MMRS brassboard have enabled us to fulfill this purpose. One purpose of the MMRS brassboard was to demonstrate feasibility, but another is to progress toward the more sophisticated design that will lead to the actual flight instrument. The results of testing of the brassboard will be used in the design of the engineering model, which is the advanced prototype that will retire the technological risks associated with fabricating a flight instrument and which demonstrates the interfaces with the host rover or lander. These interfaces cannot be fully addressed until they have been specified at the host end, but general aspects of likely interfaces can be anticipated. Here, we list some issues and improvements that the engineering model development will incur. These improvements mainly involve more informed specifications of spectrometer components rather than further technological advances.
[53] A custom grating in the engineering model spectrograph will produce two spectral windows without overlap and will thus stretch the images on the CCD so that the spectral resolution is the desired 7 cm À1 . This will increase the wavelength precision of the spectra so that, combined with on-board wavelength calibration using an internal standard, Raman peak positions will be accurate and precise to 1-2 cm À1 , which will enable us to constrain more tightly the cation ratios of the minerals.
[54] The throughput of the spectrograph will be improved by a more precise alignment of the input fiber with the slit and by optimizing the lenses and coatings for transmission of wavelengths corresponding to Raman shifts from the green 532 nm wavelength. These changes are expected approximately to double the throughput of the spectrograph and thus the detection sensitivity.
[55] The filters that remove the reflected laser light and the Rayleigh-scattered light from the Raman signal will have a steeper slope between cutoff of the laser wavelength and transmittance of Raman-scattered photons. This will significantly increase the sensitivity of the instrument for Raman shifts in the 180-350 cm À1 range.
[56] From our experience with the MMRS brassboard, we are learning how to specify the software commands for autocontrol of integration time at each target point, in order to avoid saturation from photoluminescence, increase the Figure 15 . Raman spectra are shown of mineral specimens with a small grain size. The calcite and olivine grains were prepared by grinding larger grains and have grain-size distributions that peak at <1 mm in diameter but reach $5 and $3 mm. The epsomite was crystallized from an aqueous solution onto a matrix of fine-grained ($1 mm) quartz. Most of the epsomite grains have diameters in the 1 -2 mm range. On standing in the laboratory, some of the epsomite began to lose water of hydration, giving rise to a second peak for both sulfate and water of hydration.
Raman S/N relative to photoluminescence, and to ensure adequate integration for weak Raman scatterers.
[57] Now that the efficacy of a small excitation laser of green wavelength has been proven, a specific laser and its configuration will be selected. This selection will improve the optical design of the probe. A narrower laser beam will be sent to the target, still retaining the effective depth-ofsampling field of several millimeters. The laser will also be operable in a low-power mode for detection of heat-sensitive minerals and in a higher-power mode for more robust minerals.
[58] In summary, the present brassboard of MMRS reaches $20% of the detection sensitivity of our state-of-theart laboratory Raman system with slightly poorer spectral resolution. The above improvements will at least double the sensitivity and improve the spectral resolution.
